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Abstract. We present the results of 1.3 mm observations of the Crab Nebula, performed with the MPIfR bolometer
arrays at the IRAM 30-m telescope. The maps obtained, of unprecedented quality at these wavelengths, allow a
direct comparison with high-resolution radio maps. Although the spatial structure of the Crab Nebula does not
change much from radio to millimetre wavelengths, we have detected signicant spatial variations of the spectral
index between 20 cm and 1.3 mm. The main eect is a spectral flattening in the inner region, which can be hardly
explained just in terms of the evolution of a single population of synchrotron emitting electrons. We propose
instead that this is the result of the emergence of a second synchrotron component, that we have tried to extract
from the data. Shape and size of this component resemble those of the Crab Nebula in X rays. However, while
the more compact structure of the Crab Nebula in X rays is commonly regarded as an eect of synchrotron
downgrading, it cannot be explained why a similar structure is present also at millimetre wavelengths, where the
electron lifetimes far exceed the nebular age. Our data, combined with published upper limits on spatial variations
of the radio spectral index, also imply a low-energy cuto for the distribution of electrons responsible for this
additional synchrotron component. Although no model has been developed so far to explain the details of this
component, one may verify that the total number of the electrons responsible for it is in agreement with what
predicted by the classical pulsar-wind models, which otherwise are known to fail in accounting for the number
of radio emitting electrons. This numerical coincidence can give indications about the origin of this component.
We have also detected a spectral steepening at millimetre wavelengths in some elongated regions, whose positions
match those of radio synchrotron laments. The steepening is taken as the indication that magnetic elds in
synchrotron laments are stronger than the average nebular eld.
Key words. ISM: individual objects: Crab Nebula - ISM: supernova remnants - Radiation mechanisms: non-
thermal - Radio continuum: ISM
1. Introduction
The Crab Nebula is the prototype of synchrotron nebu-
lae powered by a spinning-down pulsar, also known under
the name of \plerions" (Weiler & Panagia 1978). This is
an extensively studied object, and a wealth of information
on the synchrotron nebula comes from detailed observa-
tions performed in various spectral ranges, like in radio,
infrared, optical, UV and X rays.
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m telescope located at Pico Veleta. IRAM is supported by
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Modelling all the available data in a comprehensive
frame represents a formidable task for the theory; and it
is not even clear why this task should be so dicult, since
after all the underlying physics is substantially known.
Classical approaches to the modelling of the Crab syn-
chrotron emission, like Pacini & Salvati (1973) and Kennel
& Coroniti (1984a, 1984b), got some success. But more
elaborate models can hardly get any substantial improve-
ment with respect to the original approaches, partly be-
cause the geometric structure of the Crab Nebula is very
complex, but probably also because the processes involved
are not fully understood. When more quantitative and de-
tailed modelling will be possible with other plerions we
expect to face similar problems: in these respects a large
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part of the results on the Crab Nebula are likely to be
exported to other objects.
Considering just the total luminosity spectrum, Pacini
& Salvati (1973) successfully reproduced it from radio to
optical, by simply assuming a pure power-law distribution
for the injected \particles" (hereafter used to indicate rel-
ativistic electrons, as well as positrons): but in order to
explain by their model the further spectral steepening in
the X-ray range and beyond, an ad hoc spectrum for the
injected particles is required. On the other hand Kennel
& Coroniti (1984b) successfully reproduced the spectrum
from optical to gamma rays, just assuming a power-law
distribution (over a range of energies) for the particles
accelerated at the termination shock of the pulsar rela-
tivistic wind. However their model fails in explaining the
observed radio emission: the problem is that the best-t
wind model implies also an estimate of the total number
of radio emitting particles injected into the nebula, which
is at least a factor 100 lower than what measured. Up to
now this discrepancy has been cured only by introducing
some ad hoc assumptions (see e.g. Atoyan 1999).
As far as the spatial structure of the nebula is con-
cerned, it is not dicult to explain qualitatively its be-
haviour with frequency, namely the shrinking of the neb-
ular size with increasing frequency: in fact the latter cor-
responds to increasing particle energy, and therefore de-
creasing synchrotron lifetimes. However quantitative ap-
proaches fail to reproduce the observed proles, both in
the Kennel & Coroniti (1984b) and in the Pacini & Salvati
(1973) frameworks: the implications of the assumptions in
the latter paper on the nebular spatial extent have been
investigated by Amato et al. (2000). A common char-
acteristic of the above models is that the particles are
advected outwards with the magnetic eld, following the
MHD equations. Somehow better results are for instance
obtained by including also diusive processes, but only
when an ad hoc diusion coecient is taken.
An alternative to the above scenarios relies on assum-
ing the coexistence of two (or more) components of in-
jected particles, with dierent spectra as well as with dif-
ferent spatial locations. But one may be unwilling to in-
crease the complexity of the models, unless a stringent evi-
dence in that sense comes out from the observations. Since
adiabatic losses preserve the slope of the particles distribu-
tion, the most direct test on the presence of multiple com-
ponents of the injected particles consists into measuring
spatial variations of the synchrotron spectral index that
cannot in any way result from a synchrotron downgrading
(i.e. the spectral softening consequent to synchrotron evo-
lution of the emitting particles). This can be done observ-
ing at frequencies so low that the related particles are sub-
ject to negligible synchrotron losses, and therefore whose
distribution retains the slope which had at the injection.
Beforehand this kind of test had been done only at
radio wavelengths (below with the term \radio wave-
lengths" we roughly indicate wavelengths above 1 cm).
Previous claims of spatial variations of the radio spec-
tral index (Velusamy et al. 1992) have been then contra-
dicted. Possibly some variations of the spectral index are
present in the very central region, with scales of a few arc-
sec and associated to the \wisps" structures (Bietenholz
& Kronberg 1992): however such result could be a mere
artifact, originated by comparing data taken at dierent
epochs, in the presence of rapidly moving wavy structures
(Bietenholz et al. 2001). In fact recent radio observations
(Bietenholz et al. 1997) strongly support the idea of a sin-
gle injected distribution, by putting a tight upper limit,
0.01, to spatial variations of the spectral index, at least
on scales larger than 1600.
In this paper we will show that millimetric wavelengths
represent the most appropriate spectral range to inves-
tigate this issue in the Crab Nebula, by providing new
pieces of information with respect to the radio. The map
presented in this paper, with a 10.500 resolution, is by far
better than the only map of the Crab Nebula previously
published at these wavelengths (Mezger et al. 1986, with
only 12000 resolution). The paper is organized as follows: in
Sect. 2 we report on the observation parameters and on the
data reduction; Sect. 3 describes the procedure by which
our 1.3 mm map has been compared with a 20 cm radio
map; features coming out from this comparison, namely
the emergence of a second component in the inner regions
and a general bending in laments spectra, are respec-
tively discussed in Sect. 4 and Sect. 5; Sect. 6 shows that
the nature of the emission from the inner component is
synchrotron; the morphology of the new synchrotron com-
ponent is compared in Sect. 7 with maps at other wave-
lengths; in Sect. 8 we comment on possible spurious eects
on our results deriving from time variability of the source;
Sect. 9 concludes.
2. Observations
The Crab Nebula has been observed during two dier-
ent runs at the 30-m telescope located at Pico Veleta
(near Granada, Spain) and operated by the Institute
de Radioastronomie Millimetrique (IRAM); to this pur-
pose, we have used two dierent bolometer arrays
(MAMBO) developed by the Max-Planck-Institut fu¨r
Radioastronomie (MPIfR). In the former run (December
2{3 1998), characterised by poor atmospheric conditions,
we have mapped the source using the 19-element bolome-
ter; while in the latter (February 13{14 2000) we have
obtained a map with the newly developed 37-element
bolometer and with good atmospheric conditions.
In both the 19-element and the 37-element array the
individual bolometers are organized in a hexagonal struc-
ture. The FWHP beamwidth of the telescope at 1.3 mm
has been estimated from pointing scans on NRAO 530 and
found to be  10:005. The frequency bandwidth ranges from
200 to about 280 GHz: the eective frequency of the ob-
servation varies slightly with the atmospheric opacity and
with the spectral index of the source, and keeps typically
in the range 230{240 GHz. A detailed description of the
instruments may be found in Kreysa et al. (1998).
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Fig. 1. Map of the Crab Nebula at 1.3 mm with 10.005 reso-
lution. The contour levels range from 0.2 to 6.8 in steps of
0.6 mJy arcsec−2.
The maps have been obtained by on-the-fly scans in
the dual-beam mode. The telescope scans the source in az-
imuth (at the velocity of 400/sec, corresponding to a spatial
sampling of 200), while the secondary mirror is chopping,
again in azimuth, at a frequency of 2 Hz with an elongation
of 4500. The shift in elevation between subsequent elemen-
tary scans is 400: in a complete raster scan each element
of the bolometer then samples the whole source. Various
slices of the Crab Nebula (4 for the December 1998 run;
8 for the February 2000 one) have been observed, each at
a slightly dierent parallactic angle and center. To pro-
vide the best mapping coverage, the shape and size of
the slices were continuously optimized during the obser-
vations. Redundant information was used to improve the
signal-to-noise ratio, as well as to keep trace of the quality
of the observations. The slices were gridded on a regular
equatorial frame and nally combined according to their
weights. In the February 2000 run the mapping sensitiv-
ity varies by a factor of two over the whole plerion: it is
found to be highest close to the center, in the north and
southeast. Outside the plerion, the rms noise sensitivity is
about 6 mJy/beam.
The atmospheric zenith opacity has been monitored
by repeating a skydip every hour. The flux calibration
was performed on planets. The pointing was checked every
hour on 0528+134 and found to be better than 200. Given
the superior quality of the data taken in February 2000
under good atmospheric conditions, in the following we
will use only the resulting average map obtained with the
37-element bolometer array: this is shown in Fig. 1.
The map obtained in December 1988, though of poorer
quality, has been used to check the accuracy of the abso-
lute calibration. Though dierences in the overall calibra-
tion have not shown up at levels above 10% between the
December 1998 and February 2000 maps, we prefer to be
more conservative and claim rather a 20% accuracy for
the map of the Crab Nebula. This value also includes pos-
sible flux variations across the map (at a  20000 scale)
due to dierential pickup emission between the on and o
error-beams of the telescope, but is, according to simu-
lations, by no means aecting quantitatively the relative
accuracy at lower mapping scales. The relative accuracy
across the map has independently been estimated also by
comparison of two map slices taken under dierent ob-
serving conditions in February 2000 and turns out to be
10%.
The data have been reduced using the NIC package,
which is part of the GAG software developed at IRAM
and Observatoire de Grenoble.
3. Comparison with a 20 cm map
In this section we describe the procedure we have followed
in order to estimate the dierence between our 1.3 mm
map and a reference radio map at lower frequency. Due to
the high homogeneity of the spectral index over the radio
nebula (Bietenholz et al. 1997) the choice of the reference
radio frequency is not crucial. We have used a map of the
radio continuum at 1.41 GHz, based on data taken at the
NRAO Very Large Array (VLA), and kindly provided by
M.F. Bietenholz. This is one of the highest-quality maps
of the Crab Nebula produced so far in the radio range.
The VLA data, their analysis and the quality of the
resulting map are described in detail by Bietenholz &
Kronberg (1991). In short, the data have been collected
with a series of runs in 1985{1986. The map has been
produced by combining observations in all 4 VLA cong-
urations: the cleaned beam size of this map is 2:000  1:008
and the u-v plane results very well sampled. Therefore
this map (which is also corrected for primary mean at-
tenuation) guarantees a high photometric accuracy also
on large scales. The integrated flux in the cleaned map
is 870 Jy, close to the expected 907 Jy: we have then in-
creased by 4.3% the flux of this map, in order to correct
for the small flux deciency produced by residual gaps in
the u-v coverage.
In order to allow an accurate comparison between
maps taken at dierent epochs, we have rst corrected
the size and flux for the secular evolution. We have taken
1986 as the average date of the VLA map, and 2000 for
our map: this time dierence results into an estimated
size dierence of 1.9% (for an expansion time of 730 yr,
Bietenholz et al. 1991) and a flux dierence of {2.3% (for
a fading rate of {0.167%yr−1, Aller & Reynolds 1985).
The total flux of the resulting radio map, extrapolated to
year 2000, is then 886 Jy. We have nally convolved this
image with a gaussian function in order to obtain a 10:005
resolution map.
In the 1.3 mm map we have evaluated in
’5.5 mJy/beam the average background level in the re-
gion external to the area covered by the Crab Nebula
(where the boundaries of the nebula have been obtained
from the smoothed radio map). This oset accounts for
a flux of ’4.4 Jy on the area covered by the nebula, and
of ’21 Jy over the total observed eld: this is a small
quantity, in the sense that its presence does not change
the qualitative scenario. However, in order to obtain more
accurate quantitative results, we have subtracted this o-
set from the 1.3 mm map, by assuming that this back-
ground term is purely additive. After this correction the
total flux of the Crab Nebula at 1.3 mm is estimated as
’260 Jy (still taking 20% as a conservative estimate of
the uncertainty in the absolute flux).
After this processing, at a rst glance the maps at
1.3 mm and 20 cm look quite similar, but a quantitative
comparison shows signicant dierences. The most stan-
dard way to outline such dierences is generating a map
of the spectral index (Fig. 2).
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Fig. 2. Map of the spectral index α, for the 20 cm { 1.3 mm
range. Contour levels range from {0.29 to {0.21 in steps of 0.02
(correspondingly the grey scale ranges from black to white).
The most apparent eect, in this map, is a flatten-
ing of the spectral index in the inner regions. The level
of spectral index inhomogeities is one order of magnitude
larger than the upper limit put on the radio spectral in-
dex (Bietenholz et al. 1997). For reference, a change of
0.01 in the spectral index corresponds to a 5% change in
the flux ratio between the two maps: therefore the ab-
solute flux correction we have applied on the VLA map
could contribute at most for a 0.01 on large scales, while
the (conservative) 20% absolute photometric accuracy for
the MPIfR bolometer array could account at most for a
0.04 oset in the spectral map. The relative photometric
accuracy on smaller scales is only about 10%, and there-
fore spectral index variations of  0:05 over distances of
about 10, as seen in Fig. 2, cannot be ascribed to mere
instrumental eects. A similar, although somehow noisier
spectral map is obtained using the December 1998 data:
therefore we exclude that these spectral index variations
are just an eect of peculiar observing conditions.
There are two more potential sources of bias, related
to instrumental characteristics. Bietenholz et al. (1997)
mention a correlator nonlinearity in the radio map, that
could in principle be responsible for artifacts: however
they also specify that this bias may aect only angular
scales > 2:07, while in our spectral map most features are
at smaller scales; we have also veried that the local mea-
sured spectral index may dier between regions with the
same surface brightness: this cannot be accounted for as
a mere eect of nonlinearity. Moreover a gaussian con-
volution may not accurately reproduce the Point Spread
Function (PSF) relative to the IRAM map, and in the
case the radio map has been oversmoothed a slightly flat-
ter spectrum is expected at the top of the intensity peaks:
however, even by increasing by factor 50% the resolution of
the the radio map with the respect to the estimated value
for PSF equalization, we obtain a spectral map which is
still qualitatively consistent with what shown in Fig. 2. We
therefore conclude that no substantial bias derives from
any of the eects discussed above.
In the following, while discussing the structure of the
flatter-spectrum inner region, as well as of some steeper-
spectrum elongated structures, we shall recognize the spa-
tial coincidence with structures revealed at other wave-
lengths: we take these as two \a posteriori" arguments still
in favour of the reality of the observed inhomogeneities in
the spectral map. A nal concern refers to the possibil-
ity that the comparison of observations taken at dierent
epochs actually traces changes in time: anyway, as it will
be discussed in Sect. 8, not even that eect can account
for the measured spectral index inhomogeneities.
Fig. 3. Map of the residuals, after subtracting the extrapo-
lation of the radio map with index {0.27. The contour levels
range from {0.45 to 1.65 in steps of 0.3 mJy arcsec−2. Negative
contours are indicated by dashed lines.
4. Evidence for the presence of additional
components in the 1.3 mm map
The spectral map in Fig. 2, considered together with the
radio spectral map (Bietenholz et al. 1997), indicates that
in some regions of the nebula the average spectral index
between 20 cm and 1.3 mm wavelengths is flatter than
that at 20 cm. This means that in these regions the spec-
trum shows a positive second derivative (in a log-log plot)
in the wavelength range between radio and millimetric
(mm) wavelengths. A similar spectrum is unusual for a
single synchrotron component, unless the injection spec-
trum itself has a positive second derivative. The eect of
synchrotron evolution is instead that of steepening the
spectrum a smaller wavelengths, thus producing a spec-
tral behaviour opposite to what we have measured.
From the spatially integrated spectrum of the Crab
Nebula it is well known that a spectral break occurs at
wavelengths around 20 m. Such break is commonly ac-
cepted to be an evolutive one, so that at wavelengths
longer than the break the emission originates from par-
ticles whose evolution is not appreciably aected by syn-
chrotron losses. In the case of adiabatic evolution, the par-
ticle distribution preserves its slope.
Therefore the most natural conditions leading to flat-
ter spectra at smaller wavelengths in some regions is that,
in that spectral range and in those regions, also the emis-
sion from a further population of particles is detected.
We shall thus attempt to map this secondary compo-
nent, hereafter referred to as \component B", while we
reserve the label \A" for the component dominating in
flux at radio wavelengths. With this in mind we have sub-
tracted from our mm map an extrapolation of the radio
map down to 1.3 mm, by adopting a power-law index
{0.27, as derived from multiwavelengths radio measure-
ments of the total flux (Kovalenko at al. 1994). The map
of the residuals is presented in Fig. 3: the main feature
in this map is a component located in the central region
of the Crab Nebula; a further component consists of some
negative elongated features, better visible along the N-W
side of the nebula.
At a rst glance these features may be interpreted as
just a noise eect. But a more careful analysis shows that
they are well correlated with the positions of synchrotron
laments, visible in the radio image. In order to settle
more quantitatively this eect we have synthesized a map
of the lamentary component (hereafter labelled as \f",
see Fig. 4), that together with the \amorphous" compo-
nent (hereafter labelled as \a") is responsible for the struc-
tures visible in the radio map (i.e. f+a=A).
The method as well as the parameters that we have
used to synthesize f are described in Appendix A. They
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Fig. 4. Map of synchrotron laments (component \f"), ex-
tracted from the radio map with a procedure described in
Appendix A, and downgraded to 10.005 resolution. The contour
levels range from 1.5 to 10.5 in steps of 1.5 mJy arcsec−2. The
positions of some laments correlate with the negative features
in the residual map (Fig. 3).
Fig. 5. Map of \component B", after subtracting the a (amor-
phous) component, extrapolated from the radio with index {
0.27, and the f (laments) component, using the best-t factor
0.141 from the radio. The contour levels range from 0.15 to
2.25 in steps of 0.3 mJy arcsec−2.
have been tuned according to the following requirements:
component a must look very smooth; component f must
instead contain mostly high spatial frequencies; negative
peaks must neither appear in the map of component f nor
in that of a; the total flux of the laments component
must be as high as possible, within the limits set by the
previous constraints. Even with these requirements some
arbitrariness is left on the choice of the procedure, but
the results are not strongly dependent on this choice. The
resulting map of laments, convolved to the resolution of
our 1.3 mm map, is shown in Fig. 4.
We have then estimated the relevance of the lamen-
tary structure at 1.3 mm wavelength, by deriving the best-
t linear combination of components f and a, which min-
imizes the ripples in the residuals. The factor found for a
has here little meaning, because at this stage the presence
of component B, described in the rst part of this section,
has been disregarded. Instead we shall concentrate on the
best-t factor (0.14) we have found for f (the main re-
sponsible for all small scale fluctuations): its value is only
 55% of what expected for a pure power-law extrapola-
tion from radio wavelengths, with a {0.27 spectral index.
The physical meaning of this deciency will be dis-
cussed in the next section. Here we use this result just
to obtain a \cleaned image" of component B. The factor
by which the map of component a must be subtracted
is however rather uncertain. As a rst choice let us take
an extrapolation from the radio with the canonical index
{0.27: the result is shown in Fig. 5.
According to this gure, component B presents a
brighter inner part, which is dominated by a feature elon-
gated by about 1:06 in the NE-SW direction, and com-
prises two fainter extensions in the SE and NW sides, for
an overall size of 1:06 also in that direction. This struc-
ture resembles that observed in X rays: this point will be
discussed in Sect. 6. Beyond the inner part, Fig. 5 also
presents an outer halo, extending over an area of about
40  50.
Uncertainties on the most appropriate factor in the
subtraction of component a reflect into uncertainties on
the structure and on the integrated flux of the halo of
component B, while the structure of its inner part is rather
insensitive to the details of the subtraction procedure. For
this reason at present we can only give a coarse estimate
of the total flux of this component, because dominated by
its halo: on the other hand the structure of the inner part
is well outlined by Fig. 5.
Using for component a an extrapolation from radio
with index {0.27, the estimated integrated flux of compo-
nent B results in 59 Jy; on the other hand {0.25 is the
maximum index for which after the subtraction a positive
map is left: this value is consistent both with the quoted
uncertainty on the radio spectral index (0.04; Kovalenko
et al. 1994) and with that on the 1.3 mm absolute photom-
etry (20%, equivalent to 0.04 on the spectral index). With
a {0.25 extrapolation the integrated flux of this compo-
nent is measured in 44 Jy. The integrated flux of the inner
part is anyway much lower: assuming that the halo emis-
sion presents a plateau in the central region, we estimate
a residual flux of about 2.2 Jy.
5. Spectral bending in the filaments spectra
As mentioned in the previous section, at 1.3 mm the fluxes
of the laments are on the average 0.55 times lower than
the values extrapolated from the radio data.
Our rst concern has been to examine whether this is
a reliable result, or if it can be just the eect of biases
in the components subtraction. For instance, a spurious
eect may take place if the PSF equalization between the
radio and mm maps has not been carried on properly: if
we have understimated the width of the 1.3 mm PSF, the
laments at 1.3 mm would look less prominent (relative
to the amorphous component) than in the corresponding
PSF-equalized radio map.
In any case such an instrumental bias cannot account
for what is observed. First of all, in the case of a bias of
this kind, we expect to see in the map of residuals (Fig. 3)
negative peaks near the centre of the laments, and posi-
tive residuals on the lament sides, to equilibrate the flux:
but we did not measure any such eect. Even using an ar-
ticially smoothed radio map (with a PSF 50% larger than
required) we still came out with basically the same result
as before.
Therefore the relative weakness of the laments in the
map at 1.3 mm is a rather robust and safe result. It is
in agreement also with maps of the optical continuum, in
which the laments structure is on the average much less
pronounced than in the radio (Wilson 1972b).
We have found two dierent explanations for this ef-
fect, one based on the energy evolution of particles con-
ned in individual laments, and the other based on the
relative eciency of particle diusion from laments.
5.1. Energy evolution of confined particles
Since at radio wavelengths the spectral index of the la-
ments does not dier from that of the amorphous compo-
nent (Bietenholz et al. 1997), the weakening of laments
at mm wavelengths could be accounted for by assuming
that a spectral break intervenes in between radio and mm
wavelengths.
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In the case of a steady injection an evolutive break is
produced at the wavelengths at which, for the emitting
particles, adiabatic and synchrotron losses are compara-
ble: in this case the expected change for the spectral index
of the energy distribution is 1 (see e.g. Pacini & Salvati
1973). Let us thus model the synchrotron emission from
electrons with a bi-power law energy distribution, with
slopes {1.54 (in order to match the measured radio spec-
tral index) and {2.54 respectively.
This represents a simplied case; but the further
smoothing, due to the fact that the synchrotron spectrum
for a single particle is broad band, causes the derived radi-
ation spectrum to be anyway not far from what obtained
with a more detailed modelling. In this way we derive for
the laments a break frequency (b) of  70 GHz, namely
a factor 200 lower than in the integrated Crab spectrum.
From this one may infer the typical magnitude of the
magnetic eld (B) in the laments. If particles are con-
ned into individual laments the energy (Eb) correspond-
ing to the spectral break is proportional to B−2; in turn
b / BE2b / B−3: therefore lament magnetic elds are
typically  2001/3  6 times higher than the average neb-
ular eld. The dynamical implications of this eld excess
in the laments are beyond the scope of the present work.
5.2. Particle diffusion through filaments
A very unlikely result follows if all particles are eectively
diusing through laments. In this case Eb would be the
same as in the interlament medium and therefore b / B,
leading to estimate a eld in the laments much lower than
in the rest of the nebula: such a scenario, among others,
would not account for the enhanced synchrotron emission
in laments, and we therefore reject it.
However particle diusion may give more relevant ef-
fects to this problem, if the transition to the diusive
regime occurs in between radio and mm wavelengths. The
diusion time, tD = r2F= can be evaluated as:















where rF and F are respectively linear and angular trans-
verse size of a lament, and B = (mec3γ)=(3eB) (where
me and e are respectively mass and charge of the electron,
c is the speed of light and γ is the particle Lorentz factor)
is the Bohm diusion coecient, which evaluates:









(where we have associated to each particle energy its typ-
ical synchrotron wavelength).
In the transition region the diusion time is compa-
rable with the age of the Crab Nebula,  103 yr. If the
particle density in these synchrotron laments was orig-
inally higher than in the surroundings, a transition to a
diusive case (spanning the spectrum from long to short
wavelengths) will level the particles density to that of the
interlament medium and will therefore cause a fading of
the lament relative to the surrounding medium.
5.3. Limits on the diffusion coefficient
At the present stage any of the above mechanisms (either
synchrotron burning or transition to diusion) can be in-
voked to account for the observed lament dimming at
mm wavelengths. Anyway, even in the case of a transi-
tion in the diusion regime, the eld inside laments is
required to be higher, in order to explain their brightness.
We therefore suggest that synchrotron is the leading ef-
fect. But further higher resolution mm observations are
required to investigate the physical conditions for individ-
ual laments.
At any rate, the diusion time of particles emitting at
radio wavelengths is required to be longer than the Crab












This upper limit on the diusion coecient, for orthogonal
diusion in individual laments, is inconsistent with the
value (  104B) derived by comparing radial proles at
various wavelengths (Wilson 1972a, Amato et al. 2000).
Imaging of individual laments at mm wavelengths
with arcsec resolution will allow one to get more informa-
tion on the origin of spectral dierences between laments
and interlament medium, on the magnetic eld in indi-
vidual laments as well as on the eectiveness of particle
diusion.
6. The nature of the component B
Free-free emission denitely cannot account for compo-
nent B. In fact a very large mass ( 50M) of ionized
matter is required to give the measured mm excess flux.
In that case huge free-free emission should also appear in
between infrared and optical; moreover free-free absorp-
tion should become eective at wavelengths above  2 m:
but none of these eects has been observed. Emission
from a dust component is also unlikely (beyond the well
known infrared bump at a temperature of 46 K; Strom
& Greidanus 1992). In order to get the measured mm ex-
cess while maintaining the consistency with far infrared
photometric data, a dust temperature lower than 5 K is
required, together with a huge dust mass ( 100M, for
standard dust). These reasons, together with the fact that
the map of the mm excess does not match that of the
thermal mass distribution in the Crab Nebula, lead us to
exclude a thermal nature for this emission.
Synchrotron emission is therefore the best candidate
mechanism for component B, but also in this case very
tight constraints on its spectrum must be set from the
data. A \non-thermal" (i.e. negative) spectral index be-
tween radio and mm wavelengths can be excluded; other-
wise at radio wavelengths component B would aect con-
siderably the flux, hence causing spatial inhomogeneities,
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Fig. 6. A possible two-component spectral t to photometric
data from radio to optical wavelengths. Component A plus
the dust component are represented by the long-dashed line,
while the short-dashed line accounts for component B (the
solid line showing the sum of both). The vertical dot-dashed
line indicates the characteristic frequency associated with the
low-energy cuto in the particles of component B.
in the radio spectral index, above the quoted upper limits
(Bietenholz et al. 1997). The data are instead consistent
with a low-energy cuto in the energy distribution of the
emitting particles at a Lorentz factor γL  1:5  104 (for
B = 0:3 mG).
In the next section we shall examine morphological
similarities between component B, as extracted from the
mm map, and the region with an optical spectrum flat-
ter than the average. If this similarity is attributed to the
emergence of this component at optical wavelengths and
beyond, an emission spectrum with power law ’ −0:5 is
required, implying an energy distribution above γL con-
sistent with a power law with index −2. The comparison
of such a spectrum with photometric data is presented in
Fig. 6, with the warning that the parameters used for this
model spectrum are only indicative. In this model compo-
nent A keeps the canonical {0.27 and {0.77 slopes in ra-
dio and optical respectively (plus the known dust infrared
bump): only the position of the break has been slightly
rened.
The total number of emitting particles in component
B can be estimated as:









where Flow indicates its flux, measured near the low-
energy cuto. This number is in nice agreement with what
Kennel & Coroniti (1984b) found, by tting their wind
model to the nebular spectrum between optical and X
rays: they give a rate of 2  1038 s−1, while Ntot can be
roughly estimated by multiplying this rate by the Crab
age, 3 1010 s.
The most serious problem with otherwise successful
wind models is their inability to account for the large num-
ber of radio emitting particles. The fact that the number
of particles in component B is instead in good agreement
with the Kennel & Coroniti (1984b) prediction may indi-
cate that this mechanism is responsible for component B,
while a dierent mechanism should be invoked for compo-
nent A. Anyway a more detailed modelling, in the frame
of wind models, of the spectral-spatial properties of com-
ponent B is required in order to clarify this point.
7. Comparison with maps at other wavelengths
The morphology of component B (see also Fig. 7a) is sub-
stantially dierent from that in the radio. Except for a
faint extended halo appearing in Fig. 5, but whose ex-
istence is still uncertain, component B is conned in a
Fig. 7. Comparison of the mm map (a) of component B with
maps at other wavelengths (see the dashed reference line): both
the X-ray map (b) and the optical spectral map (c) show sim-
ilar patterns; the radio map (d) seems instead anticorrelated
with the main feature in component B. Each image is 25600 in
size.
region with a size of  20. It does not show the SE-NW
elongation, typical of the radio map; instead, its brightest
feature is a narrow feature extending by about 10 in the
NE-SW direction, from whose centre an elongated feature
protrudes towards NW, while some further emission, with
a broad shape, is located on its SE side.
This morphology resembles that in X rays (shown in
Fig. 7b with the same resolution), or even better that of
the region of the Crab Nebula characterized by having
flatter optical spectra (Fig. 7c shows the spectral map
in optical). Veron-Cetty & Woltjer (1993) have in fact
already noticed a similarity between the morphology of
the optical spectral map and that of the X-ray emission.
What they have found can be qualitatively justied in
terms of synchrotron downgrading: if the particles are in-
jected in the central regions, the X-ray emission is conned
to the inner part of the nebula because the emitting parti-
cles have short synchrotron lifetimes; for the same reason,
in the outer part of the optical nebula synchrotron down-
grading is responsible for the spectral softening.
Component B, as derived from the 1.3 mm map, now
poses the following riddle: if the structure seen in X rays
and in the optical spectral map is uniquely determined
by synchrotron downgrading, why a similar pattern can
be also seen (after subtracting the extrapolation from the
radio) in the mm spectral range, namely at wavelengths
at which the emitting particles have synchrotron lifetimes
much longer than the age of the nebula?
Our conclusion is that synchrotron downgrading,
which must anyway be present at higher particle energies,
in the Crab Nebula combines with the actual coexistence
of two dierent particle populations (which can be recog-
nized as component A and component B, whose spectra
are shown in Fig. 6). Imaging at dierent wavelengths in
the mm range is required in order to characterize more
quantitatively the spectral properties of component B.
From a comparison with the radio map (Fig. 7d, again
reduced to the same resolution of the mm map) it looks
like the component B and the radio structure are anti-
correlated, at least with reference to the main feature in
component B. Further observations with higher spatial
resolution will allow a better subtraction of the laments,
and a more detailed mapping of component B. If they will
conrm that component B is actually located in a inner
region, there where radio emitting particles (i.e. compo-
nent A) present instead a cavity, this result would indicate
that the two components are also spatially separated (with
anyway a possible mixing in an intermediate region). The
presence of two spatially dierent components would sim-
plify the modelling of the dependence with wavelength of
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the Crab Nebula size; on the other hand it remains to
be explained how the long-lived particles in component B
can be eectively conned in the inner part of the Crab
Nebula.
8. Effects of time variability
When discussing whether the detection of component B
could be a mere eect of an observational bias, we have
limited our analysis to instrumental eects. However the
comparison for the 1.3 mm with a radio map obtained at
a dierent epoch is not justied, if time variations of the
source could account for the observed dierences.
In fact short-time variability has been observed, in the
Crab Nebula, in optical about the wisps region (Hester et
al. 1995a) and in X rays about the torus (Greiveldinger &
Aschenbach 1999). Moreover, some small-scale wisp-like
features, for which a peculiar radio spectral index had
been previously quoted (Bietenholz & Kronberg 1992),
have been actually discovered to vary (Bietenholz et al.
2001) with timescales of the order of one yr.
One may then wonder whether time variability may
account for the changes in morphology between the ra-
dio and mm we have used, and that we have interpreted
instead as due to inhomogeneities in the spectral index.
We can exclude that what we have seen is a mere
eect of time variability, for various reasons. The radio
variability pattern, as shown by Bietenholz et al. (2001),
presents a wavy structure with near arcsec scalelength:
when smeared to 1000 resolution (as for our mm map),
the time varying structures are very likely to be averaged
out completely. Moreover, our component B is spatially
more extended than the time variable region shown by
Bietenholz et al. (2001), which does not extend further
than the NE-SW elongated feature in the innermost part
of component B (see Fig. 5): even not considering its outer
halo, the two extensions in the SE and NW sides do not
present any noticeable radio variability.
An overall flux variability involving the inner  1:06
of the nebula is also unlikely because such a large change
would aect with ripples the secular flux evolution of the
Crab Nebula, but no eect of this kind has been detected
yet (Aller & Reynolds 1985). On the other hand it should
be clear that synchrotron lifetimes of mm emitting parti-
cles are long, and therefore, if a detectable short-time flux
increase were produced by a burst in the particle injection,
this burst must inject a number of particles comparable
with all particles injected in the past history of the Crab
Nebula; moreover the eects of one such burst will leave
for a very long time. Therefore we exclude as very remote
the eventuality that time evolution be responsible of what
we have interpreted as real spectral inhomogeneities.
Bietenholz et al. (2001) claim that the radio detection
of dynamical structures in the same region where optical
and X-ray wisps have been detected suggests a common
acceleration mechanism. In a strict sense what they found
is that at least \some" radio emission has the same origin
as the X-ray emission: this result is consistent with ours,
since even in the case of a low-energy cuto in the particle
distribution component B will emit in radio, following the
low-frequency 1/3 synchrotron law.
At radio wavelengths it will be crucial to map the spec-
tral index of the inner regions by using maps obtained at
nearly the same time: only in this way it will be possi-
ble to tell whether all spectral inhomogeneities accounted
for by Bietenholz & Kronberg (1992) are an eect of time
variability, or whether the flatter spectra they found co-
incident to some radio wisps will be conrmed.
9. Conclusions
We have measured inhomogeneities in the spectral index
between radio and mm wavelengths, and we have shown
that they could be better explained in terms of the emer-
gence of a further synchrotron component, undetected at
radio wavelengths, which is located in the inner part of
the nebula.
The transition in size and shape of the Crab Nebula,
moving from the radio to the X-ray spectral range, is qual-
itatively explained in terms of synchrotron downgrading.
But the fact that size and shape of component B at mm
wavelengths resemble those seen in X rays cannot be ex-
plained in that way, since mm emitting particles are sub-
ject to only minor synchrotron losses. We suggest instead
that two dierent synchrotron components coexist in the
Crab Nebula and that the morphological transition taking
place from radio to X rays requires a change of the relative
importance of the two components.
In order to t the data, the energy distribution of par-
ticles emitting in component B requires to have a low-
energy cuto. With this, the total number of particles in
component B are in agreement with what predicted by
Kennel & Coroniti (1984b) model.
Finally, in synchrotron laments we have found the
evidence for a spectral break at a frequency lower than
that averaged over the whole nebula. Although there may
be some eects related to particle diusion through la-
ments, we take a magnetic eld in laments higher than
in their surroundings as the main cause of this eect.
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Appendix A: procedure used to separate the
filament and amorphous components
In this appendix we describe in detail the procedure we
have followed to extract from the the high-resolution map
at 20 cm both the structure of the laments network (com-
ponent f) and that of the amorphous part (component a).
This separation is based only on morphological criteria
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Fig.A.1. The lament (f; top panel) and amorphous (a; bot-
tom panel) components, at full resolution, extracted from the
radio map using the procedure described in the Appendix. The
two maps are displayed using the same intensity levels: the grey
scales, shown on the right, range from 0 to 15 mJy arcsec−2, in
steps of 1mJy arcsec−2. The f and a components account re-
spectively for 30% and 70% of the total flux at 1 GHz. The
map of laments has been then downgraded to the IRAM 30-
m telescope resolution (Fig. 4).
and relies on the fact that the typical scale lengths of the
two components are very dierent. As already stated in
the text, our morphological requirements are: component
a must look very smooth; component f must instead con-
tain mostly high spatial frequencies; negative peaks must
appear neither in the map of component f nor in that of
a; the total flux of the laments component must be as
high as possible.
A standard method to separate components charac-
terized by dierent spatial frequencies is linear ltering.
However this method introduces negative sidelobes, hence
giving a null integrated flux for the laments. For the ex-
traction of the laments contribution we have then applied
a non-linear iterative procedure, with the goal of gradu-
ally \cleaning" the component a from f. We start with
a0 = M , the original map. In each step we convolve ai−1
by a 2-D gaussian with a given width g, and subtract
the resulting image from M , using a gain Gi; we then
clip negative peaks to obtain fi and evaluate ai as M−fi.
At the nal step Gi = 1 is required, in order to subtract
completely the laments. We have obtained good results
(Fig. A.1) with just 2 steps, using g = 2000, G1 = 0:75
and G2 = 1. This procedure has been applied to the full
resolution radio map, and only afterwards the laments
map has been convolved to the resolution of our 1.3 mm
map (the nal map is shown in Fig. 4).
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